Western University

Scholarship@Western
Electronic Thesis and Dissertation Repository
8-26-2016 12:00 AM

Gait Real-Time Analysis Interactive Lab: Reliability and Validity of
Knee Angles and Moments in Patients with Knee Osteoarthritis
Ryan Pinto, The University of Western Ontario
Supervisor: Trevor Birmingham, The University of Western Ontario
A thesis submitted in partial fulfillment of the requirements for the Master of Science degree in
Health and Rehabilitation Sciences
© Ryan Pinto 2016

Follow this and additional works at: https://ir.lib.uwo.ca/etd
Part of the Life Sciences Commons

Recommended Citation
Pinto, Ryan, "Gait Real-Time Analysis Interactive Lab: Reliability and Validity of Knee Angles and Moments
in Patients with Knee Osteoarthritis" (2016). Electronic Thesis and Dissertation Repository. 4097.
https://ir.lib.uwo.ca/etd/4097

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of
Scholarship@Western. For more information, please contact wlswadmin@uwo.ca.

Abstract
Objectives: 1) Estimate test-retest reliability of knee angles and moments during gait in
patients with knee osteoarthritis (OA) using the Gait Real-Time Analysis Interactive Lab
(GRAIL); 2) Examine concurrent validity of knee angles and moments using the GRAIL
and overground system (gold standard); and 3) Examine known-groups validity of knee
angles and moments in patients with knee OA and healthy controls.
Methods: Patients and controls walked using both systems to produce knee angle and
moment waveforms during stance, enabling discrete measure comparisons. Patients
completed a second session within one week.
Results: Intraclass correlation coefficients ranged from 0.52-to-0.93 for test-retest
reliability. Pearson correlations ranged from 0.05-to-0.96 with transverse plane peaks
being weakest. Patients had significantly higher first peak knee adduction moments than
controls (0.58 %BW*ht).
Conclusion: Preliminary results suggest adequate reliability and validity of knee angles
and moments in patients using the GRAIL. Knee transverse plane measures should be
interpreted cautiously.
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Chapter 1

1

Introduction: Background and Rationale

Knee osteoarthritis (OA) is a common chronic musculoskeletal (MSK) condition
affecting over 240 million people worldwide1. Knee OA decreases one’s mobility
substantially, and is a leading cause of pain, disability and healthcare use2. Although
improving, relatively little is known about OA disease mechanisms or interventions.
Currently, there is no known cure for OA, nor are there treatments proven to alter its
progression. Although effective interventions remain elusive, age, obesity, joint trauma
and frontal plane malalignment of the lower limb are consistently identified as risk
factors for knee OA, and likely act in part by altering dynamic loading of the knee during
walking 3–9.
Walking is the most common activity of daily living10 and is arguably highly germane to
the study of knee OA. Walking is often the activity that first triggers pain in patients with
knee OA, and is a major contributor to the patient’s disability and limitations in
participation11–13. Perhaps counterintuitively, walking is also often part of treatment
regimens shown to improve function and reduce pain for individuals with knee OA14–16.
Furthermore, various measures of walking are often used as outcome measures to show
changes in knee OA status and/or to help judge the effectiveness of proposed
treatments17,18. Quantitative gait analysis has therefore emerged as an important tool in
knee OA research.
A typical quantitative gait analysis occurs in a large open room equipped with motion
analysis cameras that track markers located on specific anatomical landmarks as the
patient walks through the cameras’ field of view and over floor-embedded force plates.
Previous studies evaluating the measurement properties of knee joint angles and moments
measured using these overground movement analysis systems generally suggest good
reliability and validity in patients with knee OA19. Specifically, the knee adduction
moment (KAM) and impulse both demonstrate excellent reliability in patients with
medial compartment knee OA20,21.
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More recently, however, force plate-instrumented treadmills are increasingly being used
in gait research as they allow for a larger volume of data to be collected in a shorter time
span, use less space and offer a more controlled environment. A harness capable of
alleviating a portion of the subject’s body weight would allow them to return to weight
bearing or gait-retraining earlier in the recovery period. Supplementary measurement
devices, such as fluoroscopy machines, are not needed to be completely mobile when
used with instrumented treadmills. Far less literature regarding the measurement
properties of data collected from these newer treadmill-based movement analysis systems
exist, especially in patients with OA, and the reported findings are less consistent22–33.
The Gait Real-Time Analysis Interactive Lab (GRAIL, Motekforce Link, Amsterdam,
NL) is a novel treadmill-based movement analysis system that incorporates a dual belt
force plate-instrumented treadmill with optical motion capture cameras and a 180o
projection screen with surround sound to create virtual reality (VR) depictions of real-life
settings. Although studies in children suggest good agreement between the GRAIL and
conventional overground systems for limb kinematics and kinetics,28,29,34 there is a
paucity of research investigating the measurement properties of gait biomechanics data
obtained with this new system. If the GRAIL is to be used in knee OA research, then
further information about the reliability and validity of its measurements is required.
Given the previously reported differences in knee joint angles and moments in patients
with medial compartment knee OA compared to healthy controls35–39, and the frequent
use of these parameters to evaluate proposed treatments17,18, the overall aim of this study
was to evaluate the reliability and validity of knee joint angles and moments. Specific
objectives are outlined below.
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1.1 Objectives
Objectives of the present study were to:
1) Estimate the test-retest reliability of knee joint angles and moments during gait in
patients with medial compartment knee OA when tested using the GRAIL;
2) Examine the concurrent validity of the knee joint angles and moments tested using the
GRAIL and using a conventional overground movement analysis system (gold standard);
and
3) Examine the known-groups validity of knee joint angles and moments, specifically the
frontal plane, tested using the GRAIL in patients with knee OA and in healthy agematched controls.

1.2 Research Hypothesis
We hypothesized that:
1) Knee angles and moments would be highly repeatable on two test occasions with an
intraclass correlation coefficient (ICC) >0.85;
2) Knee angles and moments tested on the GRAIL would be highly correlated (r>0.75) to
the same measures assessed using the overground system; and
3) Knee angles and moments, specifically frontal plane, would be significantly different
between participants with and without knee OA.
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Chapter 2

2

Review of the Literature

2.1 Osteoarthritis
Osteoarthritis is a degenerative disease resulting in the loss of articular cartilage within
the joints over time. OA, the most common form of arthritis, affects approximately 37%
of patients aged 20 and older in Canada diagnosed with the disease40. These patients
experience OA as their only form of arthritis and report pain in their hip(s) (12%),
knee(s) (29%) or both (29%)40.
Osteoarthritis of the knees and hips combined are the third most prevalent MSK disorder
worldwide41, and this burden is expected to increase largely due to the rise in obesity and
an aging population42. Individuals who have knee OA can experience stiffness, pain and
decreased ROM of the joints and, over time, these symptoms can eventually lead to a loss
of functional independence.
Altman and colleagues43 identify a list of clinical and radiographic criteria for the
diagnosis of OA. This list includes knee pain plus radiographic evidence of osteophytes
and at least one of the following: age greater than 50 years, stiffness lasting for less than
30 minutes, or crepitus with active motion of the knee43. In addition, Kellgren and
Lawrence44 (KL) categorize a rating scale to categorize the severity of knee OA from
radiographs based on the presence of osteophytes, joint space width and amount of
subchondral sclerosis. In this rating scale, a grade is given from 0 to 4 corresponding to
the severity of OA with 0 being none and 4 being severe44. This rating scale helps
provide a better understanding of patient characteristics.
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2.2 Risk Factors Related to Knee Osteoarthritis
Risk factors for OA can fall under systemic factors, local intrinsic joint factors or local
extrinsic factors acting on joints with age, obesity and joint trauma being consistently
recognized as major risk factors3-9. Systemic factors include age, gender, ethnicity,
hormonal status, genetic factors, bone density, nutritional factors and inflammation.
Local intrinsic factors include previous damage, muscle weakness, joint
deformity/alignment and ligament laxity. Local extrinsic factors can include obesity and
specific injurious activities such as sport and physical activities or occupation factors45.
Typically the risk for developing OA presents when one component of the disease
becomes abnormal and its interaction with other disease components ultimately leads to
cartilage breakdown and progression to clinical OA46. Lower limb alignment as well as
excessively high loads experienced at the knee are believed to be major contributing
factors to the progression and, potentially, development of knee OA3–8.

2.2.1

Lower Limb Alignment

Lower limb malalignment is a local risk factor that is widely studied for its influence on
the development and progression of knee OA4,8,35,47–49 and is typically measured from the
hip to ankle using standing, full-length radiographs. The mechanical axis angle (MAA) is
a common measure and refers to the angle formed between lines connecting the centres
of the hip, knee and ankle (Figure 2.1a). Another common measure for assessing lower
limb alignment is the mechanical axis deviation (MAD) which is the perpendicular
distance from the centre of the knee joint to the weight bearing line (WBL). The WBL is
represented with a line drawn from the mid-femoral head to mid-ankle (Figure 2.1b)50.
Persons with neutral lower limb alignment distribute 75% of the knee joint load through
the medial tibial plateau during one-legged static stance51. In varus alignment, the WBL
passes medial to the knee, increasing the MAD which, in turn, increases the force across
the medial compartment. In a valgus knee, the WBL passes lateral to the knee and the
MAD increases force across the lateral compartment.
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Figure 2.1. The Mechanical axis angle (MAA) of the lower limb (a). The weight bearing
line (WBL) and mechanical axis deviation (MAD) of the lower limb (b). Adapted from
Tetsworth and Paley, 1994
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Malalignment, congenital or acquired, is thought to contribute to articular cartilage
deterioration through altering the relative loading within the knee joint leading to a
vicious cycle of joint damage (Figure 2.2). In a malaligned joint, the narrowed area is
subjected to increased load bearing which leads to increased cartilage damage. In
addition to damaged cartilage the underlying bone goes through remodeling and damage,
where the cortical bone may remodel and result in increased malalignment. The increased
malalignment leads to higher focal stress along the narrowed area, causing more damage
and continuing the vicious cycle8. Varus alignment at baseline was found to be associated
with a 4 fold increase in the risk of medial knee OA progression over an 18 month
period47. This finding is consistent with the literature that cartilage damage is more
prevalent in the medial compartment compared to the lateral and occurs in the presence
of varus malalignment8,35,52,53. This type of knee OA is commonly referred to as varus
gonarthrosis.
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Figure 2.2. The vicious cycle of medial compartment knee osteoarthritis
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2.3 Gait Analysis
Kinematics and kinetics about the joints of the lower limb during gait have proven to be
important measures for patients with knee OA. Walking is the most common activity of
daily living, making analysis of an individual’s gait an important aspect of understanding
the biomechanics of one’s knee joint. Clinical gait analysis can help identify modifiable
risk factors, leading to the development of appropriate interventions for these individuals
with OA. A typical gait analysis consists of the collection of kinematic and kinetic data
regarding joint angles/positions and forces acting on the body respectively. In a typical
gait lab, subject preparation utilizes passive reflective markers corresponding to specific
anatomical landmarks. From these markers, kinematic data is collected and kinetic data is
collected from ground embedded force plates. By combining kinematic and force data,
through inverse dynamics, we can quantify external joint loads that are acting on the
body. For the purpose of this thesis, I will be focusing on the external joint loads about
the knee: adduction/abduction, flexion/extension and internal/external rotation.

2.4 Phases of the Gait Cycle
There are two phases of gait: swing and stance. The stance phase accounts for
approximately 65% of the gait cycle with the swing phase occupying the other 35%. The
stance phase can be further broken down into 5 main components: initial contact (heelstrike), load response (foot-flat), midstance, terminal stance (heel-raise) and pre-swing
(toe-off) (Figure 2.3)54. The swing phase can also be broken down further into initial
swing (acceleration), midswing and terminal swing (deceleration). During normal gait,
the knee is in full extension right before heel-strike, flexing as the heel contacts the floor
with the tibia rotating internally. The knee moves from flexion towards extension during
the loading response and continues towards extension during midstance and terminal
stance. At the toe-off phase the knee moves from near full extension to approximately 40o
of flexion with the tibia in slight external rotation55.
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Figure 2.3. The 5 main components of the stance phase. Adapted from Magee (2002)
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2.5 External Joint Loads
Knee Adduction Moment
The external KAM is the most common gait analysis outcome measure that is reported in
the literature with regards to individuals with knee OA, and has been established as a
reliable measure in both healthy subjects as well as patients with medial compartment
knee OA19,20. In most individuals, the frontal plane component of the ground reaction
force (GRF) vector passes medially to the knee joint centre of rotation during the stance
phase. This results in a torque, or moment, about the knee. The magnitude of the KAM is
dependent on inertial forces, frontal plane GRF and the lever arm, defined as the
perpendicular distance between the knee joint centre and the GRF projection (Figure 2.4).
This KAM will result in the tibia adducting with respect to the femur, resulting in
compression of the medial compartment of the tibiofemoral joint.
Knee Flexion Moment
The knee flexion moment is characterized using the sagittal plane component of the GRF
(Figure 2.5). During heel-strike, the GRF vector acts behind the knee joint and causes a
flexion moment with the maximum external knee flexion moment occurring by the end of
the loading response. At early midstance, the direction of the vector begins to reverse
with a progressive decline in the flexion moment. During terminal stance, external
reaction forces begin moving anterior to the joint towards an extension moment that
gradually increases until the mid-terminal stance. At toe-off, the external reaction forces
begin moving posterior to the joint as the knee begins flexing, thus creating another
flexion moment54,55.
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Knee Rotation Moment
The knee rotation moment occurs in the transverse plane. The femur is in slight external
rotation with respect to the tibia during initial contact. During the loading response phase
of gait, the tibia rotates internally and by the end of the loading the knee joint has reached
its peak internal rotation55. External rotation occurs as the knee extends fully during
terminal stance and continues into toe off resulting in an internal rotation moment.
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Figure 2.4. The external knee adduction moment is largely the product of the frontal
plane ground reaction force (GRF) vector and frontal plane lever arm.
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Figure 2.5. The external knee flexion moment is calculated with respect to the sagittal
plane components of the ground reaction force (GRF) and lever arm.
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2.6 Gait Characteristics of Patients with Medial
Compartment Knee OA
Knee Adduction
Several studies suggest individuals with medial compartment knee OA exhibit higher
peak magnitudes of the KAM than individuals without OA35–39. Static varus alignment of
the lower limb contributes to OA progression because of its association with increased
joint loads in the medial compartment, typically described as increased KAM during
walking56,57. There is also evidence to suggest a relationship between the KAM
magnitude and measures of disease severity, such as Kellgren and Lawrence
grading20,35,57,58.
Static alignment, measured by the mechanical axis angle, is the best lone predictor of the
peak KAM in subjects with mild symptomatic knee OA56. A systematic review suggests
that the KAM is directly related to varus alignment57. Higher KAMs are associated with
increased varus alignment and faster OA progression57 as well as radiographic medial
compartment knee OA severity, even when taking into account age, sex and level of
pain58.
Patients with chronic knee pain typically have higher baseline peak KAMs than patients
who do not develop pain5. In addition, patients who exhibit medial compartment knee
OA disease progression have higher baseline KAMs than those without progression over
a 6 year follow-up. Medial compartment joint space narrowing during a 6 year follow-up
significantly correlates with patient baseline KAM35. The KAM significantly correlates
with varus alignment and the risk for medial compartment knee OA progression increases
6.46 times with a one percent body weight multiplied by height (%BW*ht) increase in
the KAM35.
A lack of evidence exists to definitively conclude that patients with less severe OA have
higher KAMs than age-matched healthy controls57. It is important to keep in mind that
the differences seen in the KAM are less likely to be the cause for knee OA development
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but rather the result of changes in the joint such as medial compartment joint space
narrowing59.
Knee Flexion
The knee flexion moment (KFM) has received particular attention in recent years to
capture a more complete biomechanical understanding of the changes at the knee during
gait that characterize different levels of disease severity in knee OA36–39,60–63. Subjects
with symptomatic knee OA walk with less sagittal plane excursion37,38 and lower KFMs
in early stance when compared with healthy controls or asymptomatic knees36,60,61.
Kaufman and colleagues39 study the gait characteristics of patients with knee OA
compared to healthy controls. They note 6o less peak knee motion and significantly lower
knee extension in subjects with knee OA. This could be attributed to individuals with a
higher body mass index (BMI) having a greater compensation to reduce load at the knee
joint by reducing the extension moment39. Another study notes similar patterns in patients
with knee OA exhibiting approximately 4-6o less flexion than age matched gender control
subjects, which could be explained by subjects landing with a slightly flexed knee64.
Patients with both moderate and severe OA exhibit decreased peak knee flexion and peak
knee extension moments in comparison to healthy controls61. Changes found only in the
severe OA group only include decreased early stance knee extension moments and
decreased stance knee flexion angles61. Whereas the KAM relates to medial compartment
OA progression, a study by Chang and colleagues63, suggests no definitive association
between baseline KFM and outcomes related to medial compartment disease progression
after a 2 year follow-up in subjects with mild OA.
Knee Rotation
Nagao and colleagues65 analyze the rotational angle in osteoarthritic knees during weightbearing activities. They note significantly lower internal rotation of the tibia, at 20o of
knee flexion, in patients with grade 1 knee OA in comparison to healthy controls. This is
seen as the first pathological rotational change in OA knees. External rotation at
maximum knee extension and the screw-home movement excursion decrease in
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proportion to medial compartment knee OA progression65. Matsui and colleagues66
evaluate external rotation of the tibia (rotational deformities) in patients with varus
alignment using computed tomography (CT). These rotational deformities associate with
varus alignment, and the extent of rotational deformity increases in knees with a higher
varus deformity66. A study by Kaufmann and colleagues39 suggests no significant
difference in the rotation moment during gait between OA patients and healthy controls
for both internal and external rotation moments. Other studies also examine rotation
moment in subjects with knee OA37,38. These studies note that patients with knee OA
exhibit a significantly lower ROM for internal-external rotation37,38. Patients remain in a
relatively neutral position during the stance phase but begin to rotate internally first, then
restore the neutral position during the swing phase. This differs from the control group
that show more internal rotation during the stance phase and start to rotate externally
during the swing phase37.

2.7 Instrumented Treadmills
Instrumented treadmills are increasingly used in gait research as they allow for a larger
volume of data to be collected in a smaller space and in a shorter time span. Various
types of instrumented treadmills are used in gait analysis in terms of belt type, force plate
placement and mode (i.e., fixed-speed or self-paced). Split-belt treadmills with a force
plate underneath each belt offer a more controlled environment with foot strikes
independent of each other. Ideally, there should be little noise from the contralateral limb
when walking on an instrumented treadmill. It should be noted that when walking on a
split belt compared to single belt treadmill, subjects walk with a wider base of gait. As
the base of gait widens, the tendency towards knee abduction increases but it does not
significantly affect mean frontal plane kinematics67. When looking at the literature
regarding treadmill gait, it is important to keep in mind the different types of
instrumented treadmills that are used.
van Ingen Schenau68 rationalized that if belt speed is held constant, then the physics of
treadmill and overground locomotion should be identical but did make a note that the
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visual information was important in maintaining balance and stability while walking.
During overground walking, the environment moves with respect to the subject, and this
is not the case during treadmill walking. van Ingen Schenau68 proposed that the
differences found would most likely be diminished if optical flow during treadmill gait
could be aligned with visual information during overground gait. From a subjective
perspective, when walking on a treadmill with a virtual reality (VR) environment,
compared to without VR, subjects rated walking as more similar to overground
walking69.

2.8 Validity of Treadmill Walking
Temporospatial Parameters
The literature regarding temporospatial parameters comparing treadmill and overground
walking is extensive, yet conflicting. Studies find that treadmill walking results in a
higher cadence, shorter stance time32,70,71, shorter swing phase70, decreased step length24
and longer double support period 27,70. One study suggests that treadmill walking results
in a 5% increase in the swing phase, 27% decrease in the double support time and a 22%
increase in step width71. In contrast to this, a later study notes that gait parameters such as
stride length, stride time, cadence, single support and double support time are very
similar between the two conditions and conclude that treadmill gait is qualitatively and
quantitatively similar to overground gait22. Other studies also show no differences in
cadence, stride length23,27,33, stance time33, swing time, step length, stance width27, step
time and double support time23.
One study suggests that reliable temporal and distance-gait measurements [ICC(2,1)
≥0.93], that can be generalized to overground walking, are obtained after 6 minutes of
treadmill walking30. Consistent with these results, Zeni and colleagues31 note that
incorporating a 5 minute warm-up time into gait studies utilizing a split-belt treadmill
will minimize stride and step width variability.
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Knee Kinematics
The knee flexion/extension angle is the most common measure reported in the literature
for comparisons of treadmill and overground walking. Studies report lower knee flexion
angle ROM when walking on a treadmill22–24,70. Gates and colleagues24 note that healthy
participants walk on a treadmill with less knee flexion during early stance, late stance and
swing when compared with overground walking. Although this finding is statistically
significant, the differences are less than 1.2o, which is less than the minimal detectable
change (MDC). This finding is in concordance to that of Riley and colleagues22 who state
that it is possible to detect subtle differences in kinematics between the two conditions,
but that these differences are generally within the normal variability of gait parameters,
i.e., less than marker placement or walking speed variability. Knee kinematics in the
transverse and frontal planes are not reported as often when comparing treadmill to
overground walking.
Reliable knee joint measurements were found to be obtained after four minutes of
treadmill walking with mean knee angle differences less than two degrees and ICCs
greater than 0.9030. A later study also found no significant changes in the variability of
knee flexion at heel-strike after five minutes of treadmill walking. It should be noted that,
for the knee, the previous two studies looked at the sagittal plane when determining the
effects of accommodation to treadmill walking31.
Knee Moments
Riley and colleagues22 utilize the coefficient of repeatability (CoR), 95% confidence
interval (CI) for each measured overground gait parameter, to compare between the two
modes of walking. They suggest that for data to be meaningful, the treadmill data should
lie outside this CI of overground data. Riley and colleagues22 report non-zero differences
in knee flexion/extension, adduction/abduction and internal/external rotation moments,
however, they note that the difference in peak knee extension moment is greater than the
associated CoR22. Similar to this finding, Lee and Hidler23 suggest that peak knee
extensor moments in early and late stance are significantly greater during overground
walking than treadmill walking. They also report significantly greater peak flexor
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moments in late stance and late swing during treadmill walking but do not note any
significant differences in the knee adduction moment23. One thing to note from the Lee
and Hidler23 study is that overground and treadmill data are collected from the same force
plates, by having a raised floor be level with the treadmill. This means that consistent
sensors are used between both walking modalities which can help reduce potential error.

2.9 Reliability of Treadmill Walking
A study by Riley and colleagues22 assessed the repeatability of temporospatial gait
parameters over three sessions using an AMTI compound instrumented treadmill
consisting of three treadmill force platforms: one large platform in the front and two sideby-side in the back, all synchronized and forming a continuous treadmill surface.
Treadmill speed was held constant for all three test sessions, ensuring greater consistency
for velocity, cadence and step length than with overground walking. No statistically
significant difference for the timing of gait events, and the percentage spent in single and
double support were reported22.
A later study by Faude and colleagues26 analyzed the within- and between-day reliability
of temporospatial gait parameters in healthy seniors using a one-dimensional GRF
measuring treadmill (Zebris Medical GmbH FDM-Tsystem, Isny, Germany). Subjects’
comfortable walking speed was calculated and used for all the test sessions. Spatial and
temporal variability were assessed by calculating the coefficient of variation (standard
deviation of analyzed steps divided by the mean) for stride-to-stride length and time,
respectively. Faude and colleagues26 reported high between-day (ICC 0.85-0.96) and
within-day (ICC 0.97-0.98) reliability for stride frequency, stride width, stride time, stride
length and double stance phase, but temporal and spatial gait variability did show high
variability(CoV 16.2-36.1%)26.
Similar to Faude and colleagues26, a study by Reed and colleagues25 assessed within- and
between-day reliability of temporospatial gait parameters as well as some kinetic
parameters on the Zebris treadmill system (Zebris Medical GmbH, Max-Eyth-Weg 43,
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D-88316, Isny, Germany). They reported statistically significant differences in 14/16
temporospatial and kinetic gait parameters over the 3 test sessions. For between-day
reliability, the minimum change that could be detected with 95% confidence ranges
between 3-17%, 14-33% and 4-20% for temporal, spatial and kinetic parameters,
respectively. Within-day reliability showed similar results, with temporal and kinetic gait
parameters typically being more consistent than spatial parameters. In this study,
participants were allowed to select their own comfortable walking speed for each session
rather than use a predetermined walking speed. Reed and colleagues25 described this as
allowing them to determine the repeatability of self-selected walking speeds on the
treadmill system25.

2.10 Gait Real-Time Analysis Interactive Lab
The Gait Real-Time Analysis Interactive Lab (GRAIL, Motekforce Link, Amsterdam,
NL) is a force plate-instrumented dual-belt treadmill (R-Mill, Motekforce Link,
Amsterdam, NL) that is used in conjunction with motion sensing cameras and a 180
degree projection screen and surround sound system allowing the subject to be immersed
in VR depictions of real-life settings. Situated under each belt is a force plate (50 x 200
cm) allowing for the collection numerous foot strikes in a much shorter time span
compared to overground walking. Computer software (D-Flow) enables the motion
analysis system to pass information through to the GRAIL for real time feedback of
temporospatial parameters, joint kinematics and joint kinetics.
Recent literature looks to assess the kinematic and kinetic measurement properties of the
GRAIL in comparison to overground walking28,29,34. van der Krogt and colleagues28,29
sought to compare kinematic and kinetic data between self-paced treadmill walking and
overground walking. Although these studies evaluate 9 children with spastic cerebral
palsy, only the results from the 11 typically developing children will be reported. In these
studies, subjects walk in a random order beginning either with walking overground or on
a self-paced treadmill. van der Krogt and colleagues28 suggest no significant differences
for walking speed and cadence, but did note a 3 cm increase in step width. They report
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some significant differences in ankle and hip kinematics, but suggest that all are within
the range of 1-3o and are considered minor kinematic differences. Significant differences
are also seen for peak knee moments with greater abduction and slightly less extension
moments during treadmill walking29. The increase in abduction moment can be the result
of an increase in step width that is associated with split-belt treadmill walking67.
It is important to note the limited sample size of participants in this study as it can have a
potential bias on the results. Subjects also walk at a self-paced speed on the treadmill,
which introduces more cautionary gait, potentially caused by decreased positional
awareness. Walking at a fixed-speed seems to improved subjects’ gait pattern, which
likely is better related to overground walking72. Another study shows that when walking
on the GRAIL, a similar pattern of energy exchange is observed for both fixed speed and
self-paced walking, though there is slightly more energy exchanged between the subject
and belt during self-paced walking73.
A review of the literature shows that the studies comparing the GRAIL to overground
walking are conducted in typically developing children and in children with cerebral
palsy. This data cannot be readily compared to patients with medial compartment knee
OA. Therefore, the overall aim of this study was to investigate the measurement
properties of gait data assessed using the GRAIL in patients with medial compartment
knee OA.
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Chapter 3

3

Methodology

3.1 Study Setting and Design
This study was completed in the Wolf Orthopaedic Biomechanics Laboratory (WOBL)
and the Fowler Kennedy Sport Medicine Clinic at the University of Western Ontario. To
investigate test-retest reliability, patients with knee OA walked using the GRAIL on two
test sessions completed at least 24 hours apart and within one week. To investigate
concurrent validity and known-groups validity, patients and controls walked using both
the GRAIL and overground systems during one test session. Overground test sessions
were completed first. Gait speed was calculated (m/s) based on sacral marker position
from overground trials and subsequently used to match the treadmill speed for
assessments using the GRAIL. All participants provided written informed consent. The
study Letters of Information and Ethics Approval Notice are provided in Appendices B
and C, respectively.

3.2 Participants
Healthy Controls
Healthy participants were recruited by contacting friends and family members of patients
with knee OA who were participants in other studies in the lab, with the goal of obtaining
participants of similar age to the patients with knee OA. We included healthy persons
between 30-65 years of age, with no complaints of knee pain, no other known
musculoskeletal or neurological impairments likely to affect gait, and who answered
“NO” to all PAR-Q questions (Appendix A). We excluded persons who had insufficient
physical fitness to walk for approximately 20 minutes, were unable to speak/read/print
English or provide informed consent.
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Knee Osteoarthritis Patients
We recruited participants with medial compartment knee OA from the Fowler Kennedy
Sport Medicine Clinic. We included patients who were between 30-65 years of age, had
neutral to varus lower limb alignment, had clinical (symptomatic) and radiographic knee
OA (as determined by the Altman criteria43) that was primarily affecting the medial
compartment of the tibiofemoral joint. We excluded patients if they had a previous total
joint knee replacement or osteotomy of the symptomatic study limb, major neurological
deficit that would affect gait, psychiatric illness that may limit informed consent,
inflammatory or infectious arthritis of the knee, insufficient physical fitness to walk for
approximately 20 minutes, inability to speak/read/print English or provide informed
consent.

3.3 Gait Testing Procedures

3.3.1

Overground Movement Analysis System

The conventional overground movement analysis system consists of a 12-camera motion
capture system (Motion Analysis Corporation, Santa Rosa, CA) and a single floor
mounted force plate (Advanced Medical Technology, Watertown, MA).
Laboratory Equipment Calibration
The system was calibrated each morning. System calibration consists of both a seed and
wand calibration. Seed calibration was completed with an L-frame designed specifically
for calibration, where the exact locations of the markers on the frame were known, to
define the coordinate system of the data collection area. After this, wand calibration was
completed by waving a wand with markers of known distance through the data collection
area. Wand calibration was performed to ensure that a direct measurement of an object of
known size was made by all of the cameras surrounding the data collection area. Marker
positions of the wand were recorded, calculated and then compared with known distances
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to determine the error associated in tracking. Calibration accuracy was dependent on how
closely the known distances were to the measured values. If the standard deviation was
greater than 2 mm, or the mean measurement was greater than 2 mm different than the
known distances, then calibration was rejected and the entire process was repeated74.
Subject Preparation
Participants were instructed to wear tight-fitting shorts and a t-shirt for the day of testing
to ensure that markers remained as close to anatomical landmarks as possible. Prior to
testing, all participants were instructed to remove their shoes and socks to negate the
potential effects of variability from footwear. Twenty-two passive reflective markers
were placed on each participant based on a modified Helen Hayes marker set19
(Appendix D).
Static Trials
Two static trials were completed where the participant was asked to stand motionless on
the force plate while 3 seconds of data were collected to determine body mass, marker
orientation and positions of joint centres of rotation for the ankle and knee. Hip joint
centres were defined by first finding the midpoint between markers placed on the left and
right ASIS. Percentage offsets (64% lateral, 44% posterior, and 68% inferior) relative to
the midpoint position were used to determine the hip joint centre for each side of the
body75. Participants wore four additional markers during the static trials. These markers
were placed bilaterally over the medial knee joint line and medial malleolus to define the
positions of joint centers of rotation for both joints. These additional markers were
removed prior to the gait trials. These static trials were completed again for the GRAIL.
Walking Trials
Participants were instructed to approach every walking trial at their usual comfortable
walking pace. The overground walking trials continued until eight complete foot strikes
were obtained. From these trials, the first five clean foot strikes were chosen and used for
data processing.
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3.3.2

Gait Real-Time Analysis Interactive Lab

The GRAIL consists of a force plate-instrumented dual belt treadmill (R-Mill,
Motekforce Link, Amsterdam, NL), 10-camera motion capture system (Raptor-H, Motion
Analysis Corporation, Santa Rosa, CA), 180o projection screen with surround sound, and
computer software (D-flow, Motekforce Link, Amsterdam, NL). The calibration process,
using the seed frame and wand, is identical for both systems.
Subject Preparation
Markers were placed on each participant by trained testers to reduce variability associated
with marker placement. For the treadmill trials, markers over the acromion, right scapula,
elbow and wrist were removed and additional markers were placed on the participant to
meet the criteria for the GRAIL lower limb marker set (Appendix D). A safety harness
was worn by all participants and handrails were fitted on either side for extra safety.
Gait Trials
Before the treadmill trial, participants were given adequate rest time until they felt ready
to begin walking. Participants completed a 6 minute warm-up to acclimatize to their
matched overground walking speed30. Participants were monitored constantly throughout
the trial and were asked about their walking speed. After 6 minutes, force plate and
camera marker data were collected simultaneously with a software program that was
consistent with the overground system (Cortex) for 10 gait cycles (i.e. heel strike to heel
strike of the same foot).
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3.4 Data Reduction
Data processing was done using commercially available software (Presentation Graphs,
Cortex, Motion Analysis Corporation, Santa Rosa, CA) and custom post-processing and
data reduction methods.
Skeleton Builder (SkB) models (Cortex, Motion Analysis Corporation, Santa Rosa, CA)
were used to define anatomical segments for data analysis. In this model, three markers
are used in conjunction with each other to define the origin, bone axis, and plane.
Anthropometric data were used to estimate inertial properties of each limb where
translations and rotations of segments were calculated with respect to marker orientations
from the static trial76.
Force plate data were collected at 600 Hz and 1000 Hz for overground and GRAIL
walking, respectively. Correspondingly, camera marker data were collected at 60 Hz and
100 Hz. Each trial was tracked frame-by-frame to ensure that markers corresponded with
their respective anatomical landmark. Marker data were filtered with a 4th order
Butterworth filter with a 6 Hz cut-off frequency using Excel (Microsoft, Redmond, WA).
Knee angles were determined using Euler angles rotated in the following order:
flexion/extension (x-axis), ab/adduction (y-axis), internal/external rotation (z-axis). Knee
moments were calculated using inverse dynamics (Cortex, Motion Analysis Corporation,
Santa Rosa, CA) with a fixed tibia coordinate system75 and normalized to %BW*ht. Knee
joint angles and moments were normalized to 100% of the stance phase, heel-strike to
toe-off.
Peak values for knee angles and moments were determined and averaged over 5 trials for
the affected limb. All peak values reported were identified using the waveform peaks
from each trial analyzed. These peaks were then averaged to give a single value per limb
per subject per variable. The peak knee adduction angle was identified as the minimum
value during stance. The peak flexion angle was defined as the maximum value in the
first half of stance with the peak knee extension angle as the minimum value for the
second half of stance. The peak knee internal rotation angle was identified as the
minimum value for the first half of stance with the peak external rotation angle as the
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maximum value in the second half of stance. For the knee adduction moment, the first
peak in the waveform was identified as the maximum value during the first half of stance
and the second peak as the maximum value in the second half. The peak flexion and
external rotation moments were defined as the maximum value in the first half of stance,
and the peak extension and internal rotation moments as the minimum value in the
second half of stance.

3.5 Statistical Analysis
A sample size of 31 participants is required to be tested on two occasions to detect an
ICC of at least 0.85 with a 95% CI width of 0.277. All statistical analyses were performed
using MedCalc Version 12.2.1.0 (MedCalc Software, Ostend, Belgium) and IBM SPSS
Statistics for Windows Version 24.0 (IBM Corp, Armonk, NY).
To estimate test-retest reliability we calculated an ICC(2,1). Bland and Altman plots were
used to visually inspect test and retest data. To assess the absolute reliability we
calculated the standard error of measurement (SEM) from the ANOVA used to calculate
the ICC. We did this by taking the square root of the error variance term, as described by
Stratford and Goldsmith78. For interpretation in the discussion, the SEM was then
multiplied by 1.96 (i.e. the z value for 95% confidence) to estimate the error in an
individual’s measurement at any point in time. That value was then multiplied by the
square root of 2 to calculate the minimum detectable change (MDC) to estimate the error
in an individual’s change score79.
To estimate the concurrent validity we calculated Pearson correlation coefficients (r) to
describe the magnitude of the associations between the conventional gait lab and GRAIL
measurements. Paired t-tests were run to determine mean differences between
overground and GRAIL measurements. Correlation coefficients were interpreted as
follows: <0.40 was poor, 0.40-0.75 was good and >0.75 was excellent80.
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To estimate known-groups validity we calculated independent samples t-tests to
determine whether the GRAIL could distinguish between patients with knee OA and
healthy controls.
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Chapter 4

4

Results

To date, 18 patients and 16 controls completed testing. Their demographic and clinical
characteristics are reported in Table 4.1. KL grading was completing using static,
standing radiographs by a trained tester.

Table 4.1. Demographic and clinical characteristics for Patients with knee OA (N=18)
and Controls (N=16). Means + SD
Subject Characteristic

Knee OA (n=18)

Healthy Controls (n=16)

52.7 + 8.1

53.2 + 8.9

Sex, M / F

12 / 6

10 / 6

Height, m

1.76 + 0.10

1.74 + 0.11

Weight, kg

93.8 + 18.8

78.8 + 16.9

BMI, kg/m2

30.0 + 4.4

26.0 + 4.8

1.11 m/s

1.20 m/s

Age, yr

Gait Speed, m/s
Kellgren Lawrence Grade*

Number of Patients

2

12

-

3

4

-

4

2

-

Descriptions44:

*KL Grade
2 – Definite osteophytes, possible joint space narrowing
3 – Moderate multiple osteophytes, definite joint space narrowing, some sclerosis, possible deformity of bone contour
4 – Large osteophytes, marked joint space narrowing, severe sclerosis, definite deformity of bone contour
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4.1 Test-Retest Reliability
Summary statistics for reliability of peak knee angles and moments are presented in
Table 4.2. Ensemble averages for knee moments of patients with knee OA test and retest
sessions are presented in Figures 4.1a-c. Bland and Altman plots of the differences versus
the means of the test and retest peak knee angles and moments are displayed in Figures
4.2-4.7.
Visual inspection of the Bland and Altman plots did not reveal any systematic differences
between test and retest sessions. A couple outliers were observed for the rotation angles
and moments, however data from these subjects were kept in the analysis due to the
inherent error associated with measures in the transverse plane.
The knee varus angle showed excellent reliability between test sessions on the GRAIL.
The point estimate for the ICC was 0.92 (95% CI 0.80, 0.97). First and second peak
KAMs also displayed excellent reliability with ICCs of 0.87 (95% CI 0.70, 0.95) and
0.93 (95% CI 0.83, 0.97), respectively.
Knee flexion and extension angles showed good reliability with ICCs ranging from 0.620.70 (95% CI 0.31, 0.87). The knee flexion moment displayed fair reliability with ICCs
of 0.52 (95% CI 0.10, 0.79) with the extension moment showing excellent reliability with
measures of 0.77 (95% CI 0.48, 0.91).
Knee internal and external rotation angles showed good reliability with ICCs ranging
from 0.52-0.66 (95% CI 0.10, 0.86). The knee internal rotation moment showed excellent
reliability with ICCs of 0.76 (95% CI 0.45, 0.90) while the knee external rotation moment
showed good reliability with ICCs of 0.63 (95% CI 0.24, 0.85).
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Table 4.2. Point estimates and 95% confidence intervals (CI) for Intraclass Correlation
Coefficients (ICC2,1) and Standard Errors of Measurement (SEM) for peak knee angles
and moments (n=18)
Gait Variable

ICC (95% CI)

+ SEM

Varus

0.92 (0.80, 0.97)

1.50

Flexion

0.62 (0.24, 0.84)

3.66

Extension

0.70 (0.37, 0.87)

3.21

Internal Rotation

0.66 (0.31, 0.86)

3.99

External Rotation

0.52 (0.10, 0.78)

4.95

st

0.87 (0.70, 0.95)

0.31

Adduction (2 Peak)

nd

0.93 (0.83, 0.97)

0.32

Flexion

0.52 (0.10, 0.79)

0.59

Extension

0.77 (0.48, 0.91)

0.52

Internal Rotation

0.76 (0.45, 0.90)

0.61

External Rotation

0.63 (0.24, 0.85)

1.00

Knee Angle

Knee Moments
Adduction (1 Peak)
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Figure 4.1. GRAIL test (solid line) and retest (dotted line) ensemble averages (n=18) for knee (a)
adduction moment, (b) flexion moment and (c) rotation moment for patients with knee OA. BW = body
weight, ht = height.
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Figure 4.2. Bland and Altman plot of the differences versus the means for the test and retest peak knee
varus angle. Solid lines represent the mean + 1.96 standard deviations. BW = body weight, ht = height.
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Figure 4.3 Bland and Altman plots of the differences versus the means for the test and retest peak knee
adduction moments. (A) first peak knee adduction moment, (B) second peak knee adduction moment. Solid
lines represent the mean + 1.96 standard deviations. BW = body weight, ht = height.
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Figure 4.4 Bland and Altman plots of the differences versus the means for the test and retest peak knee
sagittal angles. (A) peak knee flexion angle, (B) peak knee extension angle. Solid lines represent the mean
+ 1.96 standard deviations. BW = body weight, ht = height.
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Figure 4.5 Bland and Altman plots of the differences versus the means for the test and retest peak knee
sagittal moments. (A) peak knee flexion moment, (B) peak knee extension moment. Solid lines represent
the mean + 1.96 standard deviations. BW = body weight, ht = height.
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Figure 4.6 Bland and Altman plots of the differences versus the means for the test and retest peak knee
transverse angles. (A) peak knee internal rotation angle, (B) peak knee external rotation angle. Solid lines
represent the mean + 1.96 standard deviations. BW = body weight, ht = height.
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Figure 4.7 Bland and Altman plots of the differences versus the means for the test and retest peak knee
transverse moments. (A) peak knee internal rotation moment, (B) peak knee external rotation moment.
Solid lines represent the mean + 1.96 standard deviations. BW = body weight, ht = height.
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4.2 Concurrent Validity
Pearson correlation coefficients (r) describing the association between the GRAIL and
overground walking are presented in Table 4.3. Mean differences between GRAIL and
overground walking are presented in Table 4.4. Scatterplots of peak knee angles and
moments collected on the GRAIL versus overground walking are presented in Figures
4.8-4.13.
Visual inspection of scatterplot data does not suggest a systematic shift for frontal and
sagittal plane measures. Transverse moments appear to be larger when walking on the
GRAIL compared to overground walking.
Knee angles had good-to-excellent correlations ranging from 0.69-0.96 (95% CI 0.46,
0.98). Knee adduction and flexion/extension moments also had good-to-excellent
correlations ranging from 0.74-0.87 (95% CI 0.54, 0.93), while the rotation moments had
very poor correlations ranging from 0.05-0.12 (95% CI -0.29, 0.44).
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Table 4.3. Point estimates and 95% confidence intervals (CI) for Pearson correlation
coefficients (r) for peak knee angles and moments assessed using the GRAIL and
overground systems (n=34)
Gait Variable

Pearson’s r (95% CI)

Knee Angle
Varus

0.96 (0.91, 0.98)

Flexion

0.91 (0.82, 0.95)

Extension

0.89 (0.79, 0.94)

Internal Rotation

0.78 (0.59, 0.88)

External Rotation

0.69 (0.46, 0.83)

Knee Moments
st

0.87 (0.74, 0.93)

Adduction (2 Peak)

nd

0.74 (0.54, 0.86)

Flexion

0.76 (0.58, 0.88)

Extension

0.82 (0.66, 0.91)

Internal Rotation

0.05 (-0.29, 0.38)

External Rotation

0.12 (-0.23, 0.44)

Adduction (1 Peak)
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Table 4.4 Means and mean differences for peak knee angles and moments assessed using
the GRAIL and overground systems (n=34)
*Significant difference (p < 0.05)
Gait Variable

GRAIL Mean
(+ SD)

Overground Mean
(+ SD)

Mean Difference
(95% CI)

Varus

-4.99 (4.65)

-6.25 (4.37)

-1.26 (-1.73, -0.79)*

Flexion

11.09 (6.55)

10.69 (7.21)

-0.40 (-1.46, 0.66)

Extension

-2.14 (5.90)

-1.57 (5.52)

0.57 (-0.37, 1.50)

Internal Rotation

-18.22 (7.91)

-19.39 (7.64)

-1.18 (-3.00, 0.64)

External Rotation

-12.77 (7.91)

-11.06 (7.17)

1.71 (-0.38, 3.80)

2.05 (0.83)

2.28 (0.83)

0.23 (0.08, 0.39)*

Adduction 2 Peak

2.94 (1.03)

2.18 (0.79)

-0.76 (-1.00, -0.52)*

Flexion

0.69 (0.90)

0.92 (0.98)

0.23 (0.00, 0.46)*

Extension

-2.11 (1.06)

-1.72 (0.81)

0.38 (0.17, 0.60)*

Internal Rotation

-2.67 (1.12)

-0.88 (0.29)

1.79 (1.39, 2.19)*

External Rotation

3.69 (1.44)

0.04 (0.04)

-3.65 (-4.15, -3.15)*

Knee Angles

Knee Moments
Adduction 1st Peak
nd

43

Figure 4.8. Scatterplot of the frontal plane peak knee angle collected on the GRAIL versus overground
walking. BW = body weight, ht = height.
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Figure 4.9. Scatterplot of frontal plane peak knee moments collected on the GRAIL versus overground
walking. (A) first peak knee adduction moment, (B) second peak knee adduction moment. BW = body
weight, ht = height.
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Figure 4.10. Scatterplot of sagittal plane peak knee angles collected on the GRAIL versus overground
walking. (A) peak knee flexion angle, (B) peak knee extension angle. BW = body weight, ht = height.
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Figure 4.11. Scatterplot of sagittal plane peak knee moments collected on the GRAIL versus overground
walking. (A) peak knee flexion moment, (B) peak knee extension moment. BW = body weight, ht = height.
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Figure 4.12. Scatterplot of transverse plane peak knee angles collected on the GRAIL versus overground
walking. (A) peak knee internal rotation angle, (B) peak knee external rotation angle. BW = body weight,
ht = height.

48

Figure 4.13. Scatterplot of transverse plane peak knee moments collected on the GRAIL versus
overground walking. (A) peak knee internal rotation moment, (B) peak knee external rotation moment.
BW = body weight, ht = height.
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4.3 Known-Groups Validity
Ensemble averages for knee moments in patients with knee OA and healthy controls are
displayed in Figures 4.14a-c. Results from the independent t-tests comparing peak knee
angles and moments in patients and controls are reported in Table 4.4. Patients with
medial compartment knee OA had a significantly higher first peak KAM than healthy
controls (p < 0.05). There were no significant differences observed.
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Table 4.5. Peak knee angles and moments for patients with knee OA (n=18) and healthy
controls (n=16).
*Significant difference (p < 0.05)
Knee OA
Mean (+ SD)

Healthy Control
Mean (+ SD)

Mean Difference
(95% CI)

Varus

-5.86 (5.10)

-4.01 (4.03)

-1.85 (-5.09, 1.39)

Flexion

10.00 (5.72)

12.31 (7.37)

-2.31 (-6.88, 2.28)

Extension

-2.03 (6.49)

-2.26 (5.36)

0.23 (-3.96, 4.42)

Internal Rotation

-19.32 (7.65)

-16.98 (8.25)

-2.34 (-7.89, 3.22)

External Rotation

-12.99 (7.91)

-12.52 (8.15)

-0.47 (-6.09, 5.14)

Adduction (Peak 1)

2.31 (0.85)

1.73 (0.69)

0.58 (0.03, 1.14)*

Adduction (Peak 2)

3.18 (1.16)

2.67 (0.81)

0.51 (-0.19, 1.22)

Flexion

0.60 (0.85)

0.79 (0.97)

-0.19 (-0.82, 0.44)

Extension

-2.22 (1.09)

-1.98 (1.05)

-0.24 (-0.99, 0.52)

Internal Rotation

-2.70 (1.22)

-2.62 (1.04)

-0.08 (-0.88, 0.72)

External Rotation

3.73 (1.66)

3.65 (1.20)

0.08 (-0.94, 1.11)

Gait Variable
Knee Angle

Knee Moments
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Figure 4.14. GRAIL ensemble averages for knee (a) adduction moment, (b) flexion moment and (c)
rotation moment for patients with knee OA (solid line) and healthy controls (dotted line). BW = body
weight, ht = height. *Significant difference between groups (p < 0.05)
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Chapter 5

5

Discussion

5.1 Test-Retest Reliability
The present results suggest excellent test-retest reliability for knee varus angle and KAM
peaks during gait in patients with medial compartment knee OA assessed using the
GRAIL. It is particularly important that these specific gait parameter can be assessed
reliably in this patient population because they are most commonly linked to medial
compartment loading and to OA progression20,35,57,58.
Good reliability was observed for knee flexion and extension angles, although it should
be noted that the confidence intervals around the ICCs for those measures were quite
wide, and we therefore cannot rule out poor reliability. For example, the knee flexion and
extension angles had CIs with lower ends of 0.24 and 0.37, respectively. Similarly, the
test-retest reliability of knee flexion and extension moments could be classified as goodto-excellent, but had CIs with lower ends of 0.10 and 0.48, respectively. It is unclear why
these sagittal plane data were less reliable than the frontal plane data. Specifically, we do
not know if there were measurement errors related to data collection and processing, or if
patients’ true sagittal plane values are more variable from day to day.
Internal and external rotation angles and moments can be described as having good-toexcellent reliability with wide CIs, with lower ends being classified as poor-to-good
(0.10-0.45). Based on these preliminary results, internal/external rotation angles and
moments should be interpreted with extreme caution.
While the ICC provides a measure of relative reliability (i.e. it can be used to described
group performance as it represents the ratio of the between-subject variability to the total
variability), the SEM provides a measure of absolute reliability (i.e. it can be used to
describe an individual’s performance). Perhaps with the exception of the frontal plane
measures, all of the variables investigated in the present thesis had relatively large SEM
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values (Table 4.1). Accordingly, with the exception of the knee varus angle and the knee
adduction moment, there was considerable error in an individual’s measure at one time,
and relatively large changes in an individual’s change score would be needed to
confidently know a true change had occurred.
For example, based on the present SEM for the first peak KAM (0.31), we can be 95%
confident that a patient’s value of 2.5 %BW*ht can vary from 1.89 to 3.11 %BW*ht (i.e.
SEM x 1.96 = + 0.61) simply due to measurement error. Furthermore, the calculated
minimum detectable change (MDC95) of + 0.87 %BW*ht (i.e. SEM x 1.96 x √2 = + 0.87)
suggests that 95% of stable patients’ KAM would change by less than 0.87 %BW*ht
upon repeated testing. Therefore, if we observe a change in an individual patient’s KAM
≥ 0.87 %BW*ht, for example following an intervention intended to decrease medial
compartment loading, we can be confident that a true change in the KAM has occurred.
Results from studies investigating the test-retest reliability of gait data from other
treadmill-based systems are inconsistent. Some authors report poor reliability in 14 of 16
temporospatial and kinetic gait parameters over three test sessions in healthy young
adults25, while other authors report no significant differences for the timing of gait events
or the percentage spent in single and double limb support22. Moreover, another study
suggests good test-rest reliability for temporospatial gait parameters, but lower reliability
for stride time and length variability mearures26. We are unaware of previous studies
evaluating the test-retest reliability of knee angles and moments from treadmill-based
movement analysis systems, or for patients with knee OA. Previous studies used
heterogeneous instrumentation, testing procedures, and sample populations22,25,26.
Therefore, the generalizability of these studies to patients with medial compartment knee
OA is limited.
By assessing the test-retest reliability, SEM and MDC of the GRAIL, we will be able to
confidently use it as a measurement tool to assess change in patients’ gait measures.
Since we work primarily with patients with knee OA, it is crucial to understand the MDC
values to confidently know if a true change has occurred in patients’ gait parameters
following various interventions.
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5.2 Concurrent Validity
The present results suggest excellent associations between GRAIL and overground
measurements for knee adduction and flexion/extension angles and moments. Although
highly correlated to overground walking, the knee adduction angle was significantly
lower on the GRAIL; however, these observed differences were less than 1.3o and would
generally fall within the normal variability of gait parameters. Consistent with results
reported by Riley et al.22, we observed systematic differences (<1.5⁰) between treadmill
and overground measures for peak knee flexion and extension angles (Table 4.4),
although differences did not reach statistical significance. The mean differences in the
internal rotation angle (1.18o) and external rotation angle (1.71o) were also consistent, but
small and not statistically significant (Table 4.4).
When walking on the GRAIL, subjects exhibited a smaller first peak KAM and larger
second peak KAM with differences of 0.23 and 0.76 %BW*ht, respectively. The
differences observed for the first peak KAM are similar to those described by van der
Krogt and colleagues29, who reported significantly lower knee adduction moments when
walking on the GRAIL. The lower first peak KAM could potentially be attributed to a
wider step width associated with walking on a split belt treadmill67.
Previous investigators comparing gait data collected from the same participants using
overground and treadmill movement analysis systems also report conflicting results.
Some investigators report significant differences in the temporospatial aspects between
the two walking modalities70,71, while others report that the two modalities provide
similar values22,30. When tested in healthy participants, some authors report the knee
flexion angle range of motion (ROM) is lower when walking on a treadmill22–24,70, while
other authors suggest knee joint measurements are similar to overground values if a
familiarization period of 5 minutes of treadmill walking is provided30,31.
Opposite to previously reported findings comparing treadmill and overground walking
22,23,29

, the present knee extension moments were statistically significantly higher when

walking on the GRAIL. This difference might be attributed to either the differences in
participants, or differences in testing procedures. All subjects in the present study ranged
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between 30-65 years of age and were required to walk overground first to determine a
comfortable self-selected walking speed to be used for treadmill trials. van der Krogt and
colleagues29 tested nine children with spastic cerebral palsy and 11 typically developing
children on the GRAIL, all ranging from ages 8-15. Children were randomized to either
walk first on the GRAIL at a self-selected speed or overground in their own shoes. Also,
in the present study, five clean force plate strikes were averaged for each patient and
healthy control which differed from 2-5 (cerebral palsy) and 4-5 (typically developing)
force plate strikes used in the van der Krogt and colleagues29 study.
We observed excellent correlations for the internal rotation angle (r=0.78) and good
correlations for the external rotation angle (r=0.69). Correlations between overground
walking and the GRAIL measurements of internal and external rotation moments were
the lowest (r=0.05-0.12). Moments in the transverse plane displayed the largest
discrepancies between systems with significantly greater moments of 1.79 and 3.65
%BW*ht for the internal and external rotation moments, respectively (Table 4.4). These
results suggest that data collected using the GRAIL cannot be readily compared with
overground walking for transverse plane kinematics and kinetics.

5.3 Known-Groups Validity
The present results suggest that the GRAIL is able to distinguish between subjects with
medial compartment knee OA and healthy controls based on the first peak KAM.
Patients with knee OA had significantly higher first peak KAMs than healthy controls.
Although the second peak KAM was 0.51 %BW*ht higher than healthy controls, the
difference did not reach statistical significance. No other significant differences were
observed between groups for other knee angles and moments.
This finding is consistent with the literature in that subjects with medial compartment
knee OA demonstrate significantly higher peak KAMs than healthy controls19,20,36.
Although there was not a significant difference seen in the second peak KAM, this could
be due to the relatively small sample size, or to the fact that both patients and controls
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consistently displayed a higher second peak KAM on the treadmill when compared with
overground walking.
Although not found to be significantly different, subjects with knee OA did exhibit less
sagittal plane ROM on the treadmill when compared with the healthy group. This
difference was seen to be only 1o compared with previously reported values of 4-6o
during overground walking39,64. Patients with knee OA also exhibited a slightly lower
KFM and slightly greater knee extension moment on the GRAIL when compared with
healthy controls, though they were not found to be significantly different. Although not
significant, the decreases observed in peak KFMs are consistent with previous reports
showing that patients with medial compartment knee OA display a slightly lower flexion
moment than healthy controls36,61.

5.4 Limitations
The present results should be considered preliminary, as data collection is continuing.
While the present point estimates are likely reasonably accurate, we anticipate they will
change somewhat with a greater sample size, and importantly, the confidence intervals
around the estimates will decrease. Another limitation in the present study is the
variability in marker placement between test sessions. This was limited by having proper
training for palpation of correct anatomical landmarks, and having one tester apply all
markers on both test session. All subjects were instructed to wear tight fitting clothing to
try to minimize potential marker artefacts caused by excess clothing movement.
Variability across test sessions associated with re-calibrating the camera system is also
possible. It should be noted, however, that errors associated with maker placement, soft
tissue artefacts and re-calibration are all inherent in testing gait in patients with knee OA
and should be considered when estimating reliability.
Between-day gait variability was reduced as much as possible by having all subjects
come in within one week from their initial test session. We did this to minimize the
chance that a true change occurred in their gait. In the first test session the subject
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completed an overground walking trial followed by a treadmill walking trial. They were
allowed adequate rest until they felt comfortable to begin walking on the treadmill. The
second test session consisted of only treadmill walking. Although it should not have a
substantial effect on walking, fatigue may have played a role in the assessment of testretest reliability of the GRAIL. To try to minimize the effects of fatigue, all subjects were
given at least 5 minutes of rest between overground and treadmill trials and were then
asked if they were ready to proceed. If not, then more rest was allotted until they felt
ready to begin walking on the treadmill.
It should also be noted that there is a high number of patients with KL grade 2 knee OA.
This could potentially contribute to a similar gait pattern between groups for some of the
sagittal plane angles and moments. Future recruitment will focus on enrolling more
patients with KL grade 3 and 4 knee OA to ensure a more even distribution of OA
patients.
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6

Conclusion

Frontal and sagittal plane knee joint angles and moments during gait in patients with
medial compartment knee OA can be assessed reliably using the GRAIL. Consistent with
previous studies evaluating test-retest reliability of gait data assessed with conventional
overground movement analysis systems, frontal and sagittal plane knee joint angles and
moments can distinguish among groups of patients, and therefore are well-suited for use
in studies evaluating gait in samples of patients with knee OA; however, individual
performances can vary considerably and observed differences in a single patient’s should
be interpreted carefully. Measures of frontal and sagittal plane knee joint angles and
moments assessed using the GRAIL and conventional overground movement analysis
systems show good-to-excellent correlation. The transverse plane rotation angles and
moments should be interpreted with greater caution as they show greater variance
between test sessions and between movement analysis systems. The GRAIL is able to
distinguish between patients with medial compartment knee OA and age-matched healthy
controls based on the first peak KAM. Overall, these findings support our hypotheses and
suggest adequate reliability, concurrent validity and know-groups validity.
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LETTER OF EXPLANATION FOR THE STUDY
Primary Investigator: Trevor Birmingham PhD
Co-Investigators: Ryan Pinto, MSc Candidate, Robert Giffin MD
Project Title: Gait Real-Time Analysis Interactive Lab: Reliability and Validity of Knee Joint Angles
and Moments
What is the purpose and what are the potential benefits of the study?
The purpose of this letter is to provide you with the information you require to make an informed decision
about participating in this study. The study in which you are asked to participate is designed to investigate
the measurement properties (test-retest reliability and validity) of the Gait Real-Time Analysis Interactive Lab
(GRAIL). The GRAIL consists of a treadmill that measures the forces placed on it, motion sensing cameras
that can follow your joints, and projectors that create virtual reality (VR) depictions of real-life settings. This
testing will add to our capability of investigating gait biomechanics with newer technology in a realistic
environment. Individuals are invited to voluntarily participate in this study.
What are the criteria for participating in the study?
You are invited to participate in this study because you meet the eligibility criteria for the knee osteoarthritis
(OA) group. For the knee OA group, you must have knee OA as determined by x-ray and physician
diagnosis. There will be a total of 35 participants recruited for the knee OA group as well as 35 participants
for a separate healthy control group.
What is the procedure?
You will be asked to perform several walking trials in the Wolf Orthopaedic Biomechanics Lab, Fowler
Kennedy Sport Medicine Clinic in the 3M Centre at the University of Western Ontario. You will be asked to
walk through the laboratory ten to fifteen times over a ten metre runway, and approximately ten minutes
walking on a treadmill. We encourage you to approach all walking tasks as you would in a normal, everyday
setting. While you are walking, you will wear positional markers which are placed over your toes, heels,
ankles, knees, thighs, pelvis, scapula, shoulders, elbows, and wrists allowing monitoring of your movements
and your muscles during walking. The positional markers only detect activity, they do not send electricity to
you and are not painful. Motion sensing cameras will only pick up marker position and will not capture your
identity. A safety harness will be made available to you during treadmill walking.
How long and how many visits does the testing involve?
The testing will be completed in two laboratory sessions within one week yet separated by at least 24 hours.
We anticipate 1 hour of time to allow for warm-up and completion of the test.
Are there any discomforts or risks associated with testing?
There are no identified risks in participating in this study beyond the normal risk of injury related to
performing regular walking and treadmill walking. A safety harness will be available for the treadmill portion
of the study.
Will the results be kept confidential?
Your individual results will be held in strict confidence. No person other than the investigators will be given
access to your records without your expressed permission. When the results are reported, individual
records will be coded or reported as group data. Computer files of data collected will be stored on a
password protected hard drive in the Wolf Orthopedic Biomechanics Lab located behind secure-locking
doors. Written records will be secured in a locked cabinet at the Wolf Orthopedic Biomechanics Lab. The
information collected will be retained for a period of 15 years, as per the guidelines for research records

72

Is your participation voluntary?
Participation in the study is voluntary. You may refuse to participate, withdraw consent or/and withdraw
your data from the study at any time with no effect on you. You may decline being contacted for further
research that may continue from this project. Participation in this study does not prevent you from
participating in other research studies at the present time or in the future. There will be no direct
compensation to you for participation in this study.
Who should you contact with any questions?
Please contact us at the address below, or by phone, to ask any questions you may have about the study.
Trevor Birmingham PhD
Professor
Faculty of Health Sciences, School of Physical Therapy
Elborn College
The University of Western Ontario
London, Ontario, N6G 1H1
519-661-2111 ext 84349
tbirming@uwo.ca
Ryan Pinto BSc
MSc Graduate Student
Department of Health and Rehabilitation Sciences
Physical Therapy Science
Wolf Orthopaedic Biomechanics Lab
The University of Western Ontario
London, Ontario, N6G 1H1
519-661-2111 ext 81122
rpinto7@uwo.ca
Representatives of Western University’s Health Sciences Research Ethics Board may contact you or require
access to your study-related records to monitor the conduct of the research. If you have any questions
about your rights as a research participant or the conduct of the study you may contact, Director of the
Office of Research Ethics (519) 661-3036, email ethics@uwo.ca.
Please keep this information letter for future reference.

Thank you.

Trevor Birmingham
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CONSENT FORM
Gait Real-Time Analysis Interactive Lab: Reliability and Validity of Knee Joint
Angles and Moments
I have read the Letter of Information, have had the nature of the study explained to
me and I agree to participate. All questions have been answered to my satisfaction.
________________________

______________________ _______________

Print Name

Signature

Date

Preferred Method of Contact: Email ___ Phone ___

Contact Information ___________________________________________________

Signature of Person Obtaining Consent

_______________________
Print Name

______________________ ______________
Signature

Date

Possibility of future research
There may be future opportunities for you to participate in ongoing research. If you
are interested in being contacted, please check the appropriate box below. If
contacted, you will be asked to read a new letter of information and sign a new
consent form.
□
Please do not keep my name and contact information. I do not wish to be
contacted in the future.
□
Please keep my name and contact information so that I may be contacted to
learn about future research opportunities or have access to my data in the future.
By signing this consent form I acknowledge that I do not waive my legal rights
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Primary Investigator: Trevor Birmingham PhD
Co-Investigators: Ryan Pinto, MSc Candidate, Robert Giffin MD
Project Title: Gait Real-Time Analysis Interactive Lab: Reliability and Validity of Knee Joint Angles
and Moments
What is the purpose and what are the potential benefits of the study?
The purpose of this letter is to provide you with the information you require to make an informed decision
about participating in this study. The study in which you are asked to participate is designed to investigate
the measurement properties (test-retest reliability and validity) of the Gait Real-Time Analysis Interactive Lab
(GRAIL). The GRAIL consists of a treadmill that measures the forces placed on it, motion sensing cameras
that can follow your joints, and projectors that create virtual reality (VR) depictions of real-life settings. This
testing will add to our capability of investigating gait biomechanics with newer technology in a realistic
environment. Individuals are invited to voluntarily participate in this study.
What are the criteria for participating in the study?
You are invited to participate in this study because you meet the eligibility criteria for the healthy group. For
the healthy group, you must have no pre-existing injuries or disabilities that would affect your walking ability.
There will be a total of 35 participants recruited for the healthy group as well as 35 participants for a
separate knee osteoarthritis group.
What is the procedure?
You will be asked to perform several walking trials in the Wolf Orthopaedic Biomechanics Lab, Fowler
Kennedy Sport Medicine Clinic in the 3M Centre at the University of Western Ontario. You will be asked to
walk through the laboratory ten to fifteen times over a ten metre runway, and approximately ten minutes
walking on a treadmill. We encourage you to approach all walking tasks as you would in a normal, everyday
setting. While you are walking, you will wear positional markers which are placed over your toes, heels,
ankles, knees, thighs, pelvis, scapula, shoulders, elbows, and wrists allowing monitoring of your movements
and your muscles during walking. The positional markers only detect activity, they do not send electricity to
you and are not painful. Motion sensing cameras will only pick up marker position and will not capture your
identity. A safety harness will be made available to you during treadmill walking.
How long and how many visits does the testing involve?
The testing will be completed in two laboratory sessions within one week yet separated by at least 24 hours.
We anticipate 1 hour of time to allow for warm-up and completion of the test.
Are there any discomforts or risks associated with testing?
There are no identified risks in participating in this study beyond the normal risk of injury related to
performing regular walking and treadmill walking. A safety harness will be available for the treadmill portion
of the study.
Will the results be kept confidential?
Your individual results will be held in strict confidence. No person other than the investigators will be given
access to your records without your expressed permission. When the results are reported, individual
records will be coded or reported as group data. Computer files of data collected will be stored on a
password protected hard drive in the Wolf Orthopedic Biomechanics Lab located behind secure-locking
doors. Written records will be secured in a locked cabinet at the Wolf Orthopedic Biomechanics Lab. The
information collected will be retained for a period of 15 years, as per the guidelines for research records
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Is your participation voluntary?
Participation in the study is voluntary. You may refuse to participate, withdraw consent or/and withdraw
your data from the study at any time with no effect on you. You may decline being contacted for further
research that may continue from this project. Participation in this study does not prevent you from
participating in other research studies at the present time or in the future. There will be no direct
compensation to you for participation in this study.
Who should you contact with any questions?
Please contact us at the address below, or by phone, to ask any questions you may have about the study.
Trevor Birmingham PhD
Professor
Faculty of Health Sciences, School of Physical Therapy
Elborn College
The University of Western Ontario
London, Ontario, N6G 1H1
519-661-2111 ext 84349
tbirming@uwo.ca
Ryan Pinto BSc
MSc Graduate Student
Department of Health and Rehabilitation Sciences
Physical Therapy Science
Wolf Orthopaedic Biomechanics Lab
The University of Western Ontario
London, Ontario, N6G 1H1
519-661-2111 ext 81122
rpinto7@uwo.ca
Representatives of Western University’s Health Sciences Research Ethics Board may contact you or require
access to your study-related records to monitor the conduct of the research. If you have any questions
about your rights as a research participant or the conduct of the study you may contact, Director of the
Office of Research Ethics (519) 661-3036, email ethics@uwo.ca.
Please keep this information letter for future reference.
Thank you.

Trevor Birmingham
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CONSENT FORM
Gait Real-Time Analysis Interactive Lab: Reliability and Validity of Knee Joint
Angles and Moments
I have read the Letter of Information, have had the nature of the study explained to
me and I agree to participate. All questions have been answered to my satisfaction.
________________________

______________________ _______________

Print Name

Signature

Date

Preferred Method of Contact: Email ___ Phone ___

Contact Information ___________________________________________________

Signature of Person Obtaining Consent

_______________________
Print Name

______________________ ______________
Signature

Date

Possibility of future research
There may be future opportunities for you to participate in ongoing research. If you
are interested in being contacted, please check the appropriate box below. If
contacted, you will be asked to read a new letter of information and sign a new
consent form.
□
Please do not keep my name and contact information. I do not wish to be
contacted in the future.
□
Please keep my name and contact information so that I may be contacted to
learn about future research opportunities or have access to my data in the future.
By signing this consent form I acknowledge that I do not waive my legal rights
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Appendix D
Marker Sets
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Figure D.1. Helen Hayes marker set placement. Reproduced from Motion Analysis
Corporation1.
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Table D.1. Helen Hayes marker placement descriptions. Adapted from Motion Analysis
Corporation1.
Name
Left Lateral Knee
Right Lateral Knee
Left Medial Knee
Right Medial Knee
Left Lateral Ankle
Right Lateral Ankle
Left Medial Ankle
Right Medial Ankle
Left Thigh
Right Thigh
Left Shank
Right Shank
Left Toe
Right Toe
Left Heel
Right Heel
Left ASIS
Right ASIS
Sacrum
Left Shoulder
Right Shoulder
Left Elbow
Right Elbow
Left Wrist
Right Wrist

Static Lower Full
Body Body

+
+
+
+
+
+
+
+
+
+

+

+

+

+

+
+
+
+
+
+

+
+
+
+
+
+
+
+
+

Placement
Along flexion/extension axis on
lateral femoral condyle
Along flexion/extension axis on
medial femoral condyle
Over the lateral malleolus of the
ankle
Over the medial malleolus of the
ankle
Just below the mid-point of the
thigh
On the mid-point of the lower
shank
Centre of foot between 2nd and 3rd
metatarsals
Posterior calcaneus at same height
as the toe marker
Anterior superior iliac spine
Superior aspect of the L5-sacral
joint
Tip of acromion process
Lateral epicondyle of the humerus
Centred between the styloid
processes of the radius and ulna
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Figure D.2. GRAIL Lower Limb marker set. Reproduced from Motek Medical2.
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Table D.2. GRAIL Lower Limb marker set placement. Reproduced from Motek
Medical2.
Name

Position

Placement

T10

T10

10th thoracic vertebrae

SACR

Sacrum bone

Sacral bone

NAVE

Navel

Navel

XYPH

Xyphoid process

Xyphoid process of the sternum

STRN

Sternum

Jugular notch of the sternum

LASIS

Front left pelvic bone

Left anterior superior iliac spine

RASIS

Front right pelvic bone

Right anterior superior iliac spine

LPSIS

Back left pelvic bone

Left posterior superior iliac spine

RPSIS

Back right pelvic bone

Right posterior superior iliac spine

LGTRO Left femur greater trochanter

Centre of the greater trochanter

FLTHI

Left thigh

1/3 of the distance from the LGTRO to
the LLEK

LLEK

Left lateral epicondyle of the knee

Lateral side of the joint line

LATI

Left tibia

2/3 of the distance from the LLEK to
the LLM

LLM

Left lateral malleolus of the ankle

Centre of the left lateral malleolus

LHEE

Left heel

Centre of the heel at the same height as
the toe marker

LTOE

Left toe

Centre of the foot between the 2nd and
3rd metatarsals

LMT5

Left 5th metatarsal

Base of the 5th metatarsal bone on the
joint line

RGTRO Right femur greater trochanter

Centre of the greater trochanter
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FRTHI

Right thigh

1/3 of the distance from the RGTRO to
the RLEK
Lateral side of the joint line

RLEK

Right lateral epicondyle of the knee

RATI

Right tibia

2/3 of the distance from the RLEK to
the RLM

RLM

Right lateral malleolus of the ankle

Centre of the right lateral malleolus

RHEE

Right heel

Centre of the heel at the same height as
the toe marker

RTOE

Right toe

Centre of the foot between the 2nd and
3rd metatarsals

RMT5

Right 5th metatarsal

Base of the 5th metatarsal bone on the
joint line
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